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if the K-T boundary 1sotopic spike is
indeed the result of impact-related acid rain,
the occanic strontium isotope record may
reveal other large impacts. The scawater
swontium curve of Burke & al. (9). whuich
spans the past 500 million vears. shows at
least two other promunent high spikes in the
& 5¢/%S¢ rano. onc in the mid-Cretaceous. at
~100 million vears. and the other in the
Jennsvivanian. at ~290 mullion vears. The
“rst appears to precede by a few million
 sars the mass exuncnon cvent at the Ceno-
ranian-Turonian boundarv. There is also a
.arge increase in *Sr/*Sr across the Permi-
an-Triassic boundary (9). the ume of the
most extreme mass extinction in the Phaner-
owic record (I17). However. the increase
appears to be rather gradual. extending over
20 million to 25 million vears. and 1s thus
quite different in character from the KT
spike. Nevertheless. data arc sparse tor this
wnten-al. and more work will be required to
ietermine the exact nature of the increase.

The occurrence of a spike toward higher
values in the scawater ® Sr:%Sr record at the
X-T oundarv is tantalizing evidence tor
enhaaced continental weathering. possibly
duc ‘o wmpact-related acid ran. Detailed
stren:ium 1sotopic studies
other intenvals where such
required to determine pgecisely the narure of
the :sotopic vanatige€ with respect to stra-
ugraphv. and fucularly with respect t©
Mass eXTNCuons.

REFERENCES AND NOTES

¢ Hess. M. L. Bender. | -G. Schiling. Scunce 231
<7 - 1980

S LW Aharez. W Abarez. Fo Asaro. H V' Michel
i 208, 1093 1980.

3 & G. Pann and B. Feglev, r.. Earth Planet. sa
Zer 8301 1987

4 Lews. H Wiguns. H Harman R Pann. Geoi
s Am Spec Pap 190 :1982 . p. 213

2 A R Pamer ind H. Elderticld. Nasure London -
314. 520 1983

o ' | DePaowo and B. L. Ingrim. Saence 227.938
1983

- Surivk and M B Johanssn. wnd 223. 1174
984

3+ e smortum s removed from the ovcans manh

~\ biogemue JATDORSIC predip Lauon. removal rates
10 have Seen much icss tor some penod aster the
~ T moundin avent. icading to higher soonuum
ACCNLTINONS 1N anater .\nd P !cmpor.\r\' INCTCINC
“residence ome
: v H Burke @ 2. Geoluen 10. 3106 1982:.
A Wadieen. T Vazer. C. Brooks. Grodnm
¢ wmocinm 471491727 1983,
W \Mruerchidt and G W Wethenill, od 43.
sn] 1079
S W Granam. M L Bender. D F Wilblams. L D
Newpan, Ir L cnd 46, 1281 1982
\ A Aff O P Bncker. 1 C Chemenvs. Coem
ciof 49. 87 1983
R M Garels and F T, Mackenzic. Eroiunon of
sedrmeniam Rocis Norton. New York 1971
G, W Brass. Grecinm Cosmacinn: A3a 40. =21
1976 This pancr provides data for both sgontium
sotopic 1008 and sgontum-to-cavium ragos tor
umestone
C. Officer. C Drake. I. Devine, Eor 66. 813 1983
1 1 Scpkaski. Jr.. Geol. Soc. Am. Spec Pap 190
1982..p 283

PP
MR L

rough r})vd"’
d.cs appeaY arc

“wat.'x’nuwar'x 28 AIPPOCTRL T TUT ™
o fom gx Navona! Soowr Founcanon am
the Napond Aconauna and Space Adrmuruszason

28 S:p(cmm 1987 avcepted 7 Decemper 1987

Primer-Directed Enzymatic Amplification of DNA
with a Thermostable DNA Polymerase ‘

RanDALL K. Saikl, DaviD H. GELFAND, SUSANNE STOFFEL.
STEPHEN J. SCHARF. RusseLL HIGUCHI, GLENN T. HorN,
Kary B. MutrLis.* HENRY A. ERLICH

A thermostable DNA polvmerase was used

in an in viro DNA amplificaton

procedure, the polymerase chain reaction. The enzyme, isolated from Thermuus aquati-
cus, gready simplifics the procedure and, by enabling the amplification reacton to be
performed at higher temperatures, significantly improves the specificity, vield. sensigy -
itv, and length of products that can be amplificd. Single-copy genomic sequences werc
amplified by a factor of more than 10 million with verv high specificity. and DN.%
segments up to 2000 base pairs were readilv amplified. In addition, the method was
used to amplifv and detect a target DNA molecule present only once in 2 sample of 10°

cells.

HE ANALYSIS OF SPECIFIC NUCLEO-
tde sequences. like many analvuc
procedures. is often hampered by the
presence of cxtrancous material or bv the
exgemely small amounts available for exami-
nation. We have recendy described a meth-
od. the polymerase chain reacton (PCR.
that overcomes these limitations (1. 2. This
technique is capable of producing selectve
enrichment of a specific DNA sequence by a
factor of 10°. greacly facilitating a variery of
subsequent analvtical manipulauons. PCR
has been used in the examination of nucleo-
ude sequence vanations 13-31 and chromo-
somal rearrangements (0). tor high-cthcien-
o cloning of genomic sequences (7. for
direct sequencing of mitochondrial (81 and
genomic DNAs 9. 105 and for the detec-
won of viral pathogens /1.

PCR amphificanon involves two oligonu-
cleotide primers that flank the DNA seg-
ment to be amphinied and repeated cvcles ot
heat denaturauon of the DNA. anncaling ot
the pnmers to thar complementary sc-
quences. and  extension ot the anncaled
pamers with DNA polvmerase. These prim-
ers hvbridize to opposite strands ot the
targer sequence and are oriented so DNA
s\nthesis by the polvmerase proceeds across
the region berween the primers. etfecuvely
doubling the amount ot that DNA segment.
Moreover. since the extension products are
also complementany 10 and vapable of bind-
ing primers. cach successive cvcle essenuially
doubles the amount of DNA synthesized 1n
the previous ovcle. This results in the expo-
nendal accumulation of the specific target

fragment. approximately 2", where n1s the
number of cveles.

One of the drawbacks of the mcthod.
however. is the thermolabilinv of the
Klenow fragment of Eschericina coli DNA

vmerase | used 1o catalvze the extension
of the anncaled primers. Because of the heat
denaruration step required to scparate the
newly svnthesized sorands of DNA. tresh
enzvme must be added during each cvcle—a
tedious ind crror-pronc process if severs
samples are amphinied simultancously. We
now descnbe the replacement of the £. s
DNA polvmerase with 2 thermostable DN A
polhvmerase punfied trom the thermophili
bactenum. Thermus aquaricus (Taq:. that
can sunnve extended incubation at 95°C
(121, Since this heat-resistant polvmerase =
relaovely unatfected by the Jenaturauon
step. 1t does not need t0 be replemshed i
cach vvcle. This moditication not onlv -
plifics the procedure. making 1t amenable =
automation. 1t lso substantiadly improve
the overall pertormance of the reacton b
ncreasing the speciiiny. vicld. sensiovit
and length of targets that can be amplificd

Samples of human genomic DNA wer
subjected to 20 to 35 eveles of PCR amplhin
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ation with opomal amounts of either
Klenow or Tag DNA polvmerase and ana-
lvzed by agarosc gel clecoophoresis (Fig.
1A) and Southern hvbrdizaton (Fig. 1B).
The PCR primers Jirect the svnthesis of 2
167-bp segment of the human B-globin
gene - 131, Electrophorenic examunadon of
the react:ons catahzed by the Kienow polv-
merasc reveals a broad molecular size dismi-
busi.1 of ampiificiuon products (7 that is
prs>-.nably the result of nonspealfic anncal-
ing 1.1d extension of pnmers to unrclated
genoruc sequences under what are essental-
iv nonstringent hvbridizadon conditons:
Klenow polvmerase reaction buffer at 37°C.

Nevertheless, Southern blot analvsis widh a
B-globin hybndization probe reveals the B-
globin amplification fragment in all samples
in which the B-globin target sequence was
present.

A substanually different clectrophorenc
pattern is scen in the amplificanions per-
formed with Tag DNA polymerase, where
the single predominant band is the 167-bp
target segment. This specificity is evidendy
due to the temperature at which the pnmers
arc extended. Although the annealing step 1s
performed at 40°C, the temperature of Tagq
polvmecrasc—atalvzed reactions was raised
to about 70°C, ncar the temperaturc opu-

A ) | B

7 8 9 10M12 12 3456 7 8 91011 12

Fig. 1. Comparison of Klenow and Tag DNA polvmerase—aralvzed PCR amplificanon products of the
human B-globin gene. (A) Electrophoretic analysis of the PCR products obtaned with Klenow
polvmerasc (lanes | to 61 and Tag polvmerase tlanes 7 to 12) arter 0 cvcles (lanes 1 and 7). 20 cvcies
tlanes 2 and 8. 25 cvcles (lancs 3 and 91, 30 cvcles tlanes 4 and 103, and 35 cycles tlanes 3. 6. 11.and
12) of amplification. The DNA samples that were amplificd were prepared from the human cell fines
MOLT4 (lancs 1 to 5 and T to 111 and GM2064 tlanes 6 and 12). MOLTH+ is homozygous for the
normal B-globin gene (2). GM206+ possesscs 2 homozygous deleuon of the enure B-globin gene
complex 1211. The molecular size marker 15 230 ng of Hac lll-digested X174 replicanve form «RF-
DNA :New England Biolabs:. :B1 Soithern analvsis of the gel with a **P-labeled oligonucicoude
probe. Compared against standards. the inrensities of the bands in the Klenow amplifications were
esumated to be equivalent to increases of 2.8 x 107, 1.1 x 10°.2.2 x 10°.and 2.2 x 10° tlanes 210 5:
with corresponding overail reacnon effici :ncies of 87, 74. 63. and 52% {calculated according to 21}
The values for the ntensines of the bands in the corresponding Taq reactons were 28 < 10%,
43 x 10°. 8.9 < 10°. and 1.7 x 107 (lanes 8 10 11) with overall efficiencies of 87. 85. 70. and 61%.
Amplificauon of genomic targets by PCE with Kienow polvmerase was performed as described « 7.
Bricfiv. 100-ul reactions contaning 1 g of genomuc DNA n 50 mM NaCl. 10 mM tns 1pH 7.6:. 10

mM MgCl.. 10% dimcthvl sulfoxide. 1 uM each pnmer (PCO3 and KM 38). and 1.5 mM cach of the
deoxvnibonucleoude tnphosphates (ANTI': dATP. dCTP. TTP. 4GTP:. The reactions were pertormed
bv 20 to 35 repcuuons 1cvclesi as follows. The samples were heared trom 37 to 95°C over 2 2.5-munute
peniod :to denature the DNAJ and cooled to 37°C (3 munutes) (1o anncal the pamersi; 1 umt of
Klenow polvmerasc - USB: tvas added to cach sample and then incubated ac 37°C for 2 minutes 110
extend the bound pnmers,. Ampltficauons with Tag polvmerasc took place in 100- ul reaction muxtures
contaiing | ug of genomic DNA in 30 md KCI. 10 mM ms ipH 8.4, 2.5 mM MgCl,. cach pnimer
(PCO3 and KM38, 3t 1 wl. cach INTP - JATP. dCTP. TTP. dGTP: at 200 M. gelatn ar 200 ug ml.
and 2 units of poivmerasc. The samples were overlaid with several drops (~100 ul. of mincral od o
prevent condensation and subiected o 20 to 335 cycles of amplificanon as follows. The samples were
heared from ~0° to 95°C over a l-munute penod (to denarure the DN AL cooled 10 40°C over 2 minutes
(to anncal the primers... heated to 70°C 1 | munute (1o “actuivate” the polymerasc:. and incubared at thar
temperature tor 0.5 minute (1o extend the anncaled primers.. Addinonal Tag DNA polvmerase was not
added to the samples duning amplfication. One unit of enzyme 1s the amount that will incorporate 10
nmol of toral deoxvribonucicoude tnphosphates nto acid-precipitable matenal in 30 munutes at “+°C
with acuvated salmon sperm DNA as templare «121. The enzvme was prepared trom T aquaruss. stran
YT1. by a moduficauon of published procedures (22:. Thermal cycling was pertormed i 3 programma-
ble heat block { Perkin Elmer—Cerus Instruments:. After the last cvcle. all samples were incubated for an

addinonal 5 to 10 munutes at 37 or “0°C to ensure that the final extension step was complete. Arer )

precipitauon wich ethanol and resuspension in 100 i TE butfer 1201, each sample 18 uly was resolved
on a composite gel of 3% NuSicve and % ScaKem agaroses (FMC) in tns-borate butfer and stained
with ethidium bromide (20). Southern transters were performed essenvally as descnbed 123: onto
Genetrans-+43 nvion membranes (Plascor. A 19-base oligonuclcoude probe spectfic tor the amphificd 8-
globin tfragment. 19A. was 5° end-labeled with P and hvbndized to the filter (31. The auroradiogram
was exposed for 3 hours with 1 single intensification screen.

mum of the enzvme. (12). Durirg the o.n-
sidon from 40° to 70°C, poorly marchic
primer-template hvbrds (which formed at
40°C) dissociate, and onlv highly comgle-
mentarv substrate remains as the reacoon
approachc the temperarure at which catan -
sis occurs. Furthermore, because of n-
creased speciiary, there are tewer nonspe-
cific cxtension products to compete for e
polvmerase. and the vields of the speaific !
target fragment are hugher.

As the values tor extent of amplificanon
and overall cfficiency indicate (Fig. 1), the '
exponental accumuladon of PCR amplifica- |
gon products 1s not an unlimited provess
Evenruallv, a level of amplificaton 15
reached where more primer-template suc
strate has accumulated than the amount ot
enzvme present is capable of completely
extending in the allotted time. When this
occurs, the cfficiency of the reaction de-
clines. and the amount of PCR prod:.ci
accumnulates in a linear rather than an expo-
nenual manner. Under the condiuons &:-
scribed (Fig. 1), the Klenow polvmera~
reaction begins to “platcau” around the 20.h
cvcle, after a 3 10°-fold amplificauon of
the B-globin target sequence. The high:r
specificity of the Tag polvmerase—atalvzed
reaction. however. permuts it to procecd
efficiently for an additional five cvcles. to on
amplification level of 4 x 10° before d.
acuvity of the polymerase becomes limit:..
(4.

The specificity of the Tag DNA polyme:-
ase-mediated amplifications can be affecte.:
by the ume allowed tor the primer extensic .
step and by the quantity of enzyme used :n
the reaction. The clectrophoreuc pattems -
PCR products obrained with diferent ¢ -

tension umes and unis of Tag DNA pol -

merase on otherwisc identical samples ing
cate that the amount of nonspecitic DX -
increases as the extension times  becorr.
longer or the number of Tag polvmer» -
units increases (Fig. 2A0.

A significant improvement in specificn .
obtained when the temperarure ot the pnm
er anncaling step 1s raised from 407 10 35°C
This effect 1s demonstrated by the amphn. .
uon of the B-globin gene in a set ot diluncn:
of normal genomic DNA into the DNA ¢
mutant cell ine with 2 homozygous deleu:
of the B-globin gene (Fig. 2B). These sa.=
ples, cach containing 2 pg ot DNA. repre
sent B-globin gene trequencics that far ..
from one copy per genome (TWO copics fe.
diplowd cell) i the undiluted normal D.\A:
sample, to as lirtle as onc cOpY pef l“l
genomes (one copy per 500.000 cells) in tme
107¢ dilution. After 40 cvcles of PCR w..
primer anncaling at 40°C. the specific ame-
fication tragment can be scen 10 the i
dilurion by clectrophorenc enamir it
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in the 107 diluuon by Southern analvsis
15). However, in parallel samples amplified
with 55°C annealing, much less nonspecific
DNA s present and the product band s
visible in the onginal gel in the 107* dilu-
tion and. bv Southemn analvsis. in the 107°
diluuon (15). Although anncaling at 35°C is
usually of limited value when amplitving
ECSNOMIC Largets prescnt at ONE Of TWo Copies
per cell (Fig. 2B, lanc 1 compared to lane 97,
the reducnion in the amount of nonspecific
primer extension products improves the lim-
1t of sensiaviry by two orders of magnirude.
Since 2 ug of the 107° diludon would
contain, on average. onlv 0.6 copy of the B-
globin gene, these data suggest that PCR
with Tag polvmerase mav be able to amplify
a single target molecule in 10° to 10° cells.

This result was confirmed bv demonstrat-
ing a Poisson distribution ot successtul am-
plifications on limiung amounts of the B-
globin template. Fifteen idenucal 1-pg sam-
ples of the same 107° dilution were ampli-
2vd for 60 cvcles with annealing at 35°C and
arahvzed for the presence ot a B-globin
amplhiticaton product by Southern hybrid-
1zation. Each of these samples of genomic
CNA :cquivaient to that in 150.000 cells;
<hould have. on average. 0.3 copv ot the B-
cobir gene. The tracuion of those samples
.4t contain at least one copy is expressed as

1-¢7%=026

or 4 out of 15: the remaining 11 should
s.atan no B-globin remplates. The ob-
seved trequency was 9 of 15 (Fig. 3.
A though this is twice as high as the expect-
c. value. 1t does not significantddy atfect the
inzerpretanon ot the results. The ditribu-
o0 of successtul amplincauons is con: istent
. th a concentration of approximarteiv one
3-globin gene per 500.000 cells which indi-
:azes that of the nine positive samples. most.
t not all. onginallv contained a single copy

Sig. 2. Factors that mfu- A
‘nee the speanan ot Tag
sobvmerase~atavzed am-
siincanc . AL Electropho-
“CTie AN3IVeIs OF SPCCiny as
wfected bvancreasing exeen-
won ames 0.05. 2. and 8
ninutes lanes 1 o 4. re-
pweativen L and byoancreas-
g amounts of enzvme:
323035102 4. and 8
urmts ianes 3 to 10, respec-
e By Elecrrophorene

S 6 7 8 910

e

of the B-globin genc. If onlv one targer
molecule was present titially, the intensiaes
of the PCR products in the 107° samples are
equivalent to amplificanions of about 10° to
10%. This experiment supports the conclu-
sion that Tag polvmerase—mediated PCR
performed with prumer anncaling at 35°C is
able to successfully amplifv a single target
molecule in 2 DNA background of 10* cells.
Subsequent invesuganons have demonsrrat-
ed thar the reaction can detect a single copy
of target DNA in 10 ug of DNA. the
cquivalent of 1.5 million dipioid cells (15).

The vanauon in the electrophoretic pat-
tern of PCR products (Fig. 3A) probably
reflects the stochastic narure of nonspecific
priming events. The stmngency of the prim-
er annealing step ts sutiicientiv high thar the
priming of a nontarget scquence 1s rare and
does nort alwavs occur in every sample. Oniv
when such a priming event occurs during
the first few avcles of amplification is there
an opportunity tor an clectrophoretically
visible band to accumulate. Simularlv. the
vanability of the tntenstties of the specific B-
globin signal (Fig. 3B) 1s presumably the
result of the failure of the polymerase o
locate and extend all template strands dunng
the first few cvcles of the reaction. Because
there 1s ininally only one targer molecule,
anv incthciency of this sort would strongly
effect the final vield of amplification prod-
uct.

Three pairs of primers which. in vanous
combnanons. define segments of 110 to
400 bp were used to examine the relauve
abilities ot the Klenow and Tag polvmerases
to syntheuze longer PCR products. South-
ern analvsis of the reacuion products atter 25
avcles of amphficanon reveals that  the
Klenow polvmerase does not sustain the
exponenual accumulinon ot DNA - se-
quences much greater than 230 bp (Fig.
4A1. The Tag polvmerase, in contrast. <an

8

12331567178

910 1112131311516

Suanunanon of the cffect of annealing temperature on spectficiey at 40° danes 1 to 8: and 535°C danes 9
0 10: with senal dilunions of MOLT4 DNA in GM206+ DNA: undiluted MOLTH «lanes 1 and 91,

o !

lanes 2 and 1Oh, 107 - dlanes 3 and L1 10
danes 0 and 14:. 10 " danes T oand 13: and undiluted GM2064 Jlanes 8 and L6:

‘anes 4 and 1200 10 * lanes 5 and 13, 10°°
Maoldeoular size

marker 35 desenibed s Fig 1. The amplincations were generally conducted as dewnbed Fig 1 The
reactions tor (A) contained 1 ug of DNA and were subjected 10 30 oveles wath the primers I'C0O3 and
PCO4 . 110-bp product: with the indicated umes of extension and units of enzvme. The samples tor (B
cach contaned 2 ug of DNA and were amplified for 40 oveles wath either 40° or 353°C anncahing wath
the primers R$79 and RS80 1150-bp producti. A pormion of the reaction. 5 ul. was subjected to

clectrophoresis on 3 NuSiweve-ScaKem agarose gel.

20 JTANUARY 1088

readilv effect the simthesis of segments iong-
cr than 400 bp. With other pnmers and
longer extension nmes. this ennme can
amplify genomuc target sequences of up to
2.0 kb (Fig. 4B); longer tragments can be
svathesized but with reduced cfficiency and
vicld.

In an applicadon exploiung this capabilir:
of Tag pohmerase. complementan DNA
{cDNA) inserts in the phage Agtll cioning
vector were amplified from crude phage
suspensions with pnmers that flank the Evo
RI inscroon site of the vector. We chose 16
plaques at random—15 with inserts and 1
without—and subjected them to 23 cvcles of
amplificanon. A single band corresponding
o the amplified insert DNA was observed
for each phage isolate; these tragments were
400 to 2000 bp in length (Fig. 5). The
phage that did not contain an nsert pro-
duced an 87-bp fragment. the distance be-
™ween the pnmers on the uminterrupted
vector. Berween 0.5 and 1.0 pg of cach
¢DNA insert fragment was svnchesized.
which. on the basis of 10° phage per plaque.
represents an amplificaion ot approximatcly
10°. The extent and punty of these amplifi-
cations suggest that PCR with Tag DNA
polvmerase may be an etfective and ethicient
wav to isolate the inserts ot plasmid or

1234567 8 910112131415
. wans il ’

t 23 456 7891011 12131418

Flg. 3. Pousson distribunion of single target <c-
quences i samples of 197 cells. 1A, Electropho-
renc analvsis of PCR proxducts an a set of 15
samples .lancs | to 15.. The arrow indicates the
position of the 130-bp smphification product that
1s visibic 1n some samples dlanes 3. 4. and 69
Molecular markers as desenibed -Fig 1 By
Southern anaivas of the gel with 2 B-globin-
speciic g.»hgonuclwnd'.~ pruhc». Fitteen l-u.g.um~
ples of the 107" dilunon ot MOLT4 DNA n
GM2064 DNA prepared previousiv thig. 2 were
amplificd 1or 60 oveles with 35°C anncaling. and
the pnmens R$™9 and RS580 Thf‘ amphificd sam-
ples 13 ul. were resolied in 3 NuSine-Scakem
gel and transterred onto 3 n'\'_lon mcmbu{\‘c. Th
flter was probed with 3 “P-labeled 3
obgonuclcotnde probe. RS81. speainc

150-bp B-glubun amphincation pn"oduc'd
were esscnually 15 deseribed in Fig. ¢

P ORTS 40!
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phage recombinants, eliminadng the need
for plasmid or phage growth. vector punifi-
canon. and insert isolanon.

The fidelity of the thermostable Tagq poly-
merase in the amplification rcacdon was
assessed by cloning and sequenaing individ-
ual amplification products (7) with primers
that define a region of the HLA-DPB gene
(16). The products of 30-cvcle PCR amplifi-
cations were cloned into an M13 vecror,
multiplc isolates of the same allele obrained.
and their sequences compared. [n 28 scpa-
rate clones, cach with 239 bp of amplified
DPB genomic DNA, 17 misincorporated
bases were identified representing an overall
error frequency of 0.25% (17). Thesc misin-
corporations occurred throughout the am-
plified product and no deletions or inser-
gons were detected. Because cach misincor-
poradon cvent is retained and propagated
through succeeding cvcles of amplificadon,
the frequency of crrors observed in the
cloned products is cumnulative and a tunc-
ton of the number of doublings: the actual
rate of misincorporaton is lower. If con-
stant over the 30 PCR cvcles. the musincor-
poration rate per nucleoude per cvele for
Tag polvmerase is estumated at 2 X 107!

(In.

Fig. 4. Examinadon of the A

abilitv of Klenow and Tagq a b ¢ 4 e

DNA polymerases to amph-
fv longer target scgments.
(A} Autoradiogram  of
Southern filter companng
relanve  efficiencies  of
Kienow and Taq polvmerase
at amplifiing tragmens of
increasing size. The lanes are
grouped 1 pairs. Klenow
polvmerase amplificanons on the left and Tag

Although this valuc is somewhat greater
than the 8 x 10™* musincorporaton rate
obscrved with Klenow pohvmerase—cau-
hzed PCR (7, 18). the crrors made bv Tag
DNA polvmerase should not be a problem.
Analvtc procedures that usc 3 significant
portion of the reaction product. such as
direct sequencing (sec below) or filter hy-
bridizaton with allele-specific oligonucleo-
tde probes (3). arc not affected by the small
fracoon of misincorporated bascs. Cloning
and sequencing individual amplificacon
fragments may include these crrors. but they
arc readilv identdified by analvzing several
isolates and establishing a consensus. A diffi-
culty could arisc if PCR werc artempted ona
sample initally containing only a few copies
of the target template. In that situaoon. 2
misincorporation during the carly stages of
the reaction would represent a substangal
fracton of the molecules present and could
complicate the analysis of the amplification
product. However, the amplificavon and
comparison of several samples would reveal
and resolve anv inconsistencics.

Even though the Klenow DNA polymer-
ase has berter fidelity in PCR amplificanon.
it is more likely to produce a different tvpe
of sequence artfact. Some PCR products

8
[ 9 n v 123 48
= 135108
=oan2
° -~ 0633 -168
- 223219
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polvinerase amplifications on the nght. according to the

pnmers used: 110 bp, pnmers PCO3 and PCO4: 167 bp. PCO3 and KM38: 250 bp. PCO3 and GH21.
205 bp. KM29 and PC04: 262 bp. KM29 and KMJ8. 345 bp. KM29 and GH21: 268 bp. GH20 and
PCO4: 325 bp. GH20 and KM38: and 408 bp. GH20 and GH21 (lane pairs 3 10 1. respecuvelvy.
Molecular markers as described (Fig. 1). (B1 Auroradiogram of Southem blot tor examuning capacity of
Taq polvmerase to synthesize producs greater than 1 kb: 989 bp. RS40 and RS80; 1390 bp. GH20

and RS80: 1988 bp. GH20 and RS114: 2489 bp. CH20 and RS115: and 3015 bp. GH20 and RSl 16
danes 1 10 3. respectvelvy. Molecular marker 15 2 combination of BstE ll—digested A DNA and Hae
UI-digested X174 RF DNA. Amplificapons wer: performed for 25 (A) or 30 cvcles (B) with the
indicated pamers and 2 munutes (A1 or 10 munutes «Bi pnmer extension steps. Electrophorenc
resolution and Southern analvsis were pertormed on 10 ul of cach sample.

Fig. 5. Amplificanon of insers w2 phage A
<DNA librarv. Lanes 1 to 15, phages contaming
inserts: lane 16. phage without a detectable insert.
Molecular markers are aither 500 ng of BstE {I-
digested A DNA tlanes a1 or 250 ng of Hac 11—
digested X174 RF DNA (lanes b A agrtil
human fibroblast ¢cDNA bbrary «Clontech: was
plated on X-gal plates ar high dilution by standard
techmiques 201, Well-isolated plaques were se-
lecred at random. 13 clear (with inserti and 1 bluc
(without wnsert). and excased with the up of a
Pasteur piperte. The agarose plugs were cluted n
0.2 mi of deionized water tor 30 munutes. and 50
ol of the eluates was subjected to 25 cvcles of

C"“?"‘:'iﬁation as described (Fig. ). The pnumers
globin frag.cre rwo 24-base sequencing pnmers. 1218
was exposcd™? (New England Biolabs) that flank the
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~non site of the vector. Each of the

2012345678 910111213141516 b 2

amplificd samples (10 uh) was resolved on a 1.4%
ScaKem agarose gel.

made bv the Klenow enzyvme were com-

of a mosaic of the different allcles
being amplified. These “shuffled” clones ap-
parendy ansc from incomplete exxension of
the anncaled pnimer dunng onc cvck. In
later cvcles, these incomplete products mav
hvbridize to other allelic templates and be
extended, thus producing the mosaic (18).
Few shuffied clones have been observed
with the Tag DNA polvimerase, which may
be the result of hugher processivity. '
. The higher specificity of Tag polvmerase-
mediated amplifications can facilitate the
direct scquencing of single-copy human
genes, pardcularly those that mav be mem-
bers of a gene family (10). A 110-bp frag:
ment of the B-globin genc was amplified

A B
G A TC G A T C
- -y T g
. - a
- e -t C - 0 -7
- ; - L) ;
-—c T -—
- -4 < . b4
Qe . Ry e
-— T
e c 3 c
o -y a . -—
- e - e
a a
Ve ea— b
3-globin o-glodin f-gtobin
Kienow Teq

Fig. 6. Dircct scquencing of a PCR-amplified
human genomuc target. Autoradiograms of se-
quencing gels derived from (A) Klenow polvmer-
ase<atalvzed and (B) Tag polvmerase—atahvzed
amplification reacdons. Nuclcoude sequences de-
termuned from the films are listed beside the
autoradiograms. including the ambiguous bascs
ascribed to b-globin. A 110-bp region of -globun
was amplified 1n samples of MOLT4 DNA with
the pamers PC03 and PCO4 and eicher Klenow
or Tag polvmerase (Fig. 1). The sequencing af
the PCR products was donce as descnbed 18y with
modificauons to permut the subsuruuon ot rc-
verse transcnptase tor the Klenow tragment of
DNA polvmerase 1 (24). Approumarely 0.1 o
1.0 pmol of mucroconcentrator-punticd PCR
product and 3 to 5 pmot of *P.labeled sequene:
ing pnmer. RHO9. werce combuned 1in 10 piot 3¢
mM KCL 50 mM tns (pH 8.01. 5 mM MgCis.
and 10 mM dithiothraol. The reacuon was
heated at 95°C tor 10 munutes then quenchec on
we. and 2.2 ul was added to cach ot tour 2-u!l
solunons: “dddG™ s 20 wM JGTP. 10 Wb
JATP. 100 wM TTP. 100 wM dCTT. and 6wl
JdGTP: “dddA™ 1s 100 M JGTP. 10 M dATD
100 M TTP. 100 wM JCTP. 2.5 wM ddATD.
-4ddT 1s 100 M JGTP. 10 Wb JATP. 20 2
TTD. 100 WM JCTD. 13 wM JdTTT “ddde ™ -
100 WM JGTP. 10 wM JATD. 100w TIr. 20
wM JCTP. 5 wM ddCTP [cach i 30 mM NG
30 mM tns (pH 8.01. 5 m.M MgCl.. and 10 -V
dithiothreitol|. Fve umits of AMV reverse =
scnprase «Life Saiences: was added to cach 7.
von and mcubated at 37C tor 15 minures . ¢
reacuions were held for an additional 15 muuz
after the addioon of 1 ul of a soluton contd “ii- 2
1 mM each dNTP. Five mucrobiters of forman::ie
dve stop mux was added 10 cach reacuor L
heated for 5 munutes at 95°C betore loading - °
ul on an 8% polvacrvlamude sequencing gel 23
Elecorophoresis  and autoradiography  were {3
standard techmques (201,
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with cither Klenow or Tag polvmerase.. A
third primer. complementary to a region of
the DNA berween the two PCR primers,
was end-labeled with P and used in the
chain-terminagon sequencing reaction (19).
The sequence of the Kienow polymerase-
catalvzed amplifiation product  displavs
base par ambiguites at several positons
(Fig. 6). The ongin of these extra bands is
arbuted to the presence of 8-globin gene
sequences. The 5-globin gene is closely relat-
ed to B-globin. and both of the PCR prnm-
crs march 8-globin at 18 out of 20 positions
(2*. Because of the relative nonspecificity of
the Klenow-mediated amplificanons, d-glo-
bin is coamplified 10 at least 10% of the level
of B-globin (7). However, the higher speci-
ficity of Tag polvmerase reactions per-
formed with 55°C annealing does not per-
mut the primers to anneal to 8-globin and
only the 8-globin segment is amplified (Fig.
6).

The amplification of RNA transcripts can
also be performed with Tag polvmerase
PCR. After conversion of the messenger
RNA (mRNA) to first-strand ¢<DNA with
ohigotdT) primers and reverse transcriprase
bv standard methods (20); the resulting
single-stranded ¢cDNA can be direcdy ampli-
fied bv PCR. With the HLA-DQa PCR
pnmers reported previousl (7). mRNA
Tanscnipts present ar about 0.01% in 100
ng of cDNA prepared from lvmphoblastoid
polvadenviared [polviA)~) RNA could be
casily amplitied to generate approximatelv 1
Kg of the specific 242-bp amplification frag-
ment.

Our dara demonstrate the highlv specific
nature of Tag polvmerase-mediated PCR
and 1ts effect on the cfficiency and sensitiviey
of the reacion. The amplification of both
DINA and RNA targets was readily accom-
phished by means of this thermostable en-
2vme. often with vields and purities compa-
r3dle to fragments prepared trom clonallv
isolated recombinants. This facilitates rapid
sequence analvsis of mutants and variants ar
- xnown locus by allowing the PCR product
te be sequenced directlv. Simularly. the anal-
\+15. ot unknown sequences could be cxpedit-
«d by PCR amplification of the cloned
segments with veator-specific pamers that
fl.ink the inscrtion site. The abilinv to ampli-
= and manipulate a target sequence present

Alv once in 2 sample of 10° to 10° cells
would prove valuable in manv areas of
~olecular biology. Clinical applications in-
--4de the diagnosis of infectious discases and
- ¢ rare pathologic events such as chromo-
*-mal translocations. Morcover. the sens:-
tvinye of the procedure should enable the

1alvsis of gene expression or rearrangement
-1 single cells. Bv virtue of the cxponential
awcumulation of literally billions of copies

20 JANUARY 1988

derived from a single progenitor sequence,
PCR based on Tag DNA polvmerase repre-
sents 2 form of “cell-free molecular cloning™
that can accomplish in an automared 3- to 4-
hour in vitro reaction whart might otherwise
take davs or weeks of biological growth and
biochemical purification.
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Genomic Amplification with Transcript Sequencing

E. S. StofFLeT, D. D. KoeBERL. G.

SARKAR, S. S. SOMMER*

A scquencing method called
(GA'NTS) is described that is based on

genomic amplification with transcript sequencing

amplification with the polvmerase chain

reaction (PCR). GAWTS bypasses cloning and increases the rate of sequence acquisi-
tion dy at least fivefold. The method involves the artachment of a phage promoter onto
at least one of the PCR primers. The segments amplified by PCR are transcribed to
further increase the signal and to provide an abundance of single-stranded template for
reversc ranscriptase—mediated dideoxy sequencing. An end-labeled reverse ranscrip-

tasc primer complementary to the desired scquence generates the additional specificity
required to generate unambiguous sequence data. GAWTS can be performed on as
licde as 2 nanogram of genomic DNA. The rate of GAWTS can be increased by
coamplification and cotranscription of multiple regions as illustrated by two regions f)f
the factor IX gene. Since GAWTS lends itself well to automaton, further increases in
the rate of sequence acquisition can be cxpected.

N CONTRAST TO AUTOSOMAL RECES-
sive mutations. deletcnous  X-linked
mutagons are eliminated within a few
generations because the affected males re-
produce sparingly it ac all. Thus. cach tamily
in an X-linked disease such as hemophilia B

represents an independent mutauon. From
the perspecuve of cdonts to understand the

Deparanent of Buxhemisen and Molecular Brology.
Mavo ChrucFoundaoon. Rochester. MN 33905

*To whom corresponderne should he adudressed.
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